Olive oil was hydrolyzed continuously at 40°C by Candida cylindracea lipase in a small hollow fiber bioreactor (total area of hollow fibers was about 0.ll m2) in which the hollow fibers were made of microporous polypropylene. The lipase could be adsorbed easily onto oil-impregnated hollow fibers from its aqueous solution. The continuous feedings of olive oil inside the hollow fibers and of the buffer solution containing 18% glycerol as a stabilizer outside the hollow fibers were started after the enzyme-glycerol solution was removed from the bioreactor and the buffer-glycerol solution was added. Anunvaried half life of 14 days of the adsorbed enzymewas observed when increasing amounts of the enzyme (1.0~5.0mg/ml) were put in, but its half-life was lowered to 6 days when the amount of the added enzyme was less (0.05mg/ml). Free enzymes in the enzyme solutions with and without 18% glycerol retained their initial activities equally for at least 3 months at temperatures below 4°C. This suggests the feasibility of reuse of the enzyme-glycerol solution that was used in the preceding adsorption procedure after the solution was stored and supplemented with fresh enzyme. It was demonstrated by three successive cleanings and continuous hydrolyses that the used hollow fibers were regenerable. The productivity number was 0.81 mg-(unit)-1 -h"1, which was 26 times as great as that of the gel-entrapped lipase.
plemented with fresh enzyme. It was demonstrated by three successive cleanings and continuous hydrolyses that the used hollow fibers were regenerable. The productivity number was 0.81 mg-(unit)-1 -h"1, which was 26 times as great as that of the gel-entrapped lipase.
Higher fatty acids are currently produced from natural fats and oils by an improved Colgate Emery Method. The chemical splitting process is operated continuously without any catalyst under high temperature (250°C) and pressure (50atm).
Hence, it is energyconsuming, and undesirable side reactions are inevitable.
Industrial processes should be developed for enzymatic hydrolysis of triglycerides not only to save energy but also to obtain products with better odor and color. A number of reports have come out on the hydrolysis of triglycerides by lipase either free1^or immobilized5~8) or in a cellbound9'1^state. All these studies except ref-
erence (9) used conventional emulsion systems. In view of some drawbacks inherent in the emulsion system, we11} previously reported the continuous hydrolysis of glyceride by a lipase in a microporous hydrophobia membrane bioreactor that was originally developed by us.12'13) In this bioreactor, one unit of a flat membrane was used. The configuration of this bioreactor was very convenient to obtain basic data under various conditions. However, the hollow fiber module is clearly preferable as an industrial bioreactor in terms of area per volume performance. In the field of enzyme technology a lot of papers have appeared on hollow fiber bioreactors with fibers madeof ultra filtration membrane.14~20) However, no study has been reported about the use of a micro filtration membranewhose meanpore size is much greater than that of an ultra filtration membrane. This article describes the continuous hydrolysis of triacylglyceride (olive Glycerol of 99.7% purity from Amagasaki Works, Nippon
Oil and Fats Co., Ltd., was used.
Analytical procedure. The activity of the lipase, acid value of oil sample, and glycerol concentration of bufferglycerol solution were measured by the methods described previously.11} The degree of hydrolysis, or hydrolysis (%), of olive oil was estimated by the equation described in the earlier report.11}
Hollow fiber module and experimental setup. Figure 1 shows the structure of the hollow fiber module used. It was supplied by the Product Development Center, Mitsubishi Rayon Co., Ltd., Higashi-ku, Nagoya. The hollow fibers were madeof polypropylene with numerousmicropores (porosity= 50%). The inside diameter of the hollow fiber was 190/mi and its wall was 23/mi thick. Its effective length was 160mm. The module had 980 hollow fibers. Total outside area of the hollow fibers was 0.ll m2. The actual holdup of the oil inside the total hollow fibers excluding the lower fat and the upper fatty acid spaces was about 5.5ml, while the holdup of the buffer-glycerol solution was about 110ml. Olive oil was supplied from the bottom of the bioreactor into the hollow fibers and the fatty acid formed came out from the top in the single phase. That is, the fatty acid obtained was never mixed with the buffer-glycerol solution. On the other hand, the buffer-glycerol solution was fed into the outside of the hollow fibers in the bioreactor from the upper side inlet (@ in Fig. 1 ) and came out from the lower side outlet ((Din Fig. 1 ). Thus, flows of the oil and the buffer-glycerol solution were countercurrent, which showedbetter results.11* Because of the hydrophobic nature of the membrane, fat could readily penetrate the micropores while the buffer-glycerol solution could not. Olive oil came in contact with the lipase adsorbed on the membrane surface. The reaction took place at the interface between the membrane and the buffer-glycerol solution. The product, fatty acid, diffused back into the bulk flow of fat while the other product, glycerol, diffused into the bulk flow of the buffer-glycerol solution. Aflow diagram of the experimental setup is shown in Fig. 2 .
Olive oil was fed at a constant flow rate into the bioreactor with a reciprocal (plunger) pump (Micro Pump, Model SPC-100, Sibata Chemical Apparatus Manufacturing Co., Ltd., Tokyo). The buffer-glycerol solution from the inlet buffer-glycerol solution reservoir was fed at the flow rate of 7ml/h with a peristaltic pump 1, hollow fibers; 2, fiber seal; 3, inlet of fat; 4, outlet of fatty acid; 5, inlet of buffer-glycerol solution; 6, outlet of buffer-glycerol solution; 7, fat space; 8, fatty acid space. 1, hollow fiber bioreactor; 2, olive oil reservoir; 3, fatty acid reservoir; 4, reservoir of inlet buffer-glycerol solution; 5, reservoir of outlet buffer-glycerol solution; 6, pump; 7, pressure gauge; 8, filter; 9, precision needle valve; 10, thermostated water bath.
Tokyo), and the solution from the outlet was collected in a reservoir via a pressure gauge, a filter, and a precision needle valve. It was found that the pressure of the bufferglycerol solution side must be kept slightly higher (0.01~0.02kg-f/cm2 than that of the oil side in order to operate the continuous reaction successfully.
With a higher pressure of the oil side than that of buffer-glycerol side, oil had a chance of coming out into the buffer glycerol solution. On the other hand, when buffer side pressure was higher than the value aforementioned, the buffer-glycerol solution penetrated into micropores and droplets of the solution were observed in the outlet flow of fatty acid. The filter separated fine particles from the solution in order not to clog the precision needle valve. The hollow fiber bioreactor was placed in a thermostated water bath of 40°C.
Enzyme adsorption onto oil-impregnated hollow fibers. First, the space inside the hollow fibers was filled with olive oil. Then, the shell side of the bioreactor was filled with the enzyme-glycerol solution (enzyme concentration was 0.6mg/ml). The course of adsorption was followed by measuring the activity of the free lipase in the enzymeglycerol solution. The amount of the lipase adsorbed per unit inter facial area was calculated from the difference of the activities of the free lipase before and after the adsorption divided by the total surface area.
Startup of continuous operation. Continuous operation was started as follows. The procedures (1) through (3) were done at room temperature.
(1) The fat space ( (7) in Fig. 1 ) was filled with olive oil using a 10ml hypodermic syringe to eliminate all the air from the inside. Then, olive oil was supplied at a flow rate of 3 ml/hr with the reciprocal pump to fill up all the space inside the hollow fibers. It took about 3hr to fill the fibers completely with oil. Then the oil feeding was stopped and both the inlet and outlet ports of the oil were closed with pinchcocks. (2) The outside space of the hollow fibers in the bioreactor was filled completely with enzyme-glycerol solution using a 100ml hypodermic syringe, and both the inlet and outlet ports of the enzyme-glycerol solution were closed with pinchcocks. The bioreactor was then left as it was at room temperature for at least 3hr to achieve complete enzyme adsorption.
(3) The enzyme-glycerol solution was withdrawn from the bioreactor to replace it with buffer-glycerol solution.
(4) The hollow fiber module with all the connected tubings was dipped into a thermostated water bath (40°C). (5) After equilibrium of the module at 40°C, both olive oil and the buffer-glycerol solution were supplied to initiate continuous operation. Finally the pressure of the buffer-glycerol solution side was adjusted to 0.010 .02 kg-f/cm2.
Operational stability ofadsorbed enzyme, Operational stability of the adsorbed enzyme was estimated from the course of hydrolysis (%) of output samples of oil in longterm continuous operation. The flow rates of olive oil and buffer-glycerol solution were 3.0ml/hr and 7.0ml/hr, respectively. Six runs of the continuous experiment were done after the enzyme loading procedures using enzyme- powder enzyme/ml.
Storage stability of free enzyme in solution. Storage stability of the free enzyme in solutions was estimated from the measurement of activities of the free enzyme in aqueous solutions with and without 18% glycerol that were stored at 4°C (in a refrigerator) and -25°C (in a deep freezer). The activity measurementwas continued for 150 days.
Cleaning of used hollow fibers. Wecleaned used hollow fibers and reused them. All of the cleaning reagents including ethanol were filtered with 0. 1 fim millipore filters before use.
Step 1. After continuous operation was stopped, bufferglycerol solution was withdrawn from the hollow fiber module. Then ethanol was passed with a peristaltic tubing pump through the micropores of the hollow fibers from inside to outside to remove olive oil completely.
Step 2. Two liters of each of the following cleaning reagents were passed in turn through the micropores of the hollow fibers from inside to outside, at 50°C by suction with an aspirator. a) 1% Triton X-100 solution. b) 4% HC1 solution. c) 1% NaOH solution. d) 200ppm NaOCl solution adjusted to pH 10. e) pure water.
Step 3. Dried ethanol was passed through the micro-pores of the hollow fibers to remove water. Then dried and filtered air was passed through the micropores of the hollow fibers at a flow rate of lOOml/hr overnight. The filter was the one used for fermentation (Model 70S, Eiko Filter Co., Ltd., Tokyo). It took about 6hr to complete the cleaning procedures from step 1 to step 3 (before passing dried air through overnight). Three continuous hydrolyses were successively tried using cleaned hollow fiber module under the condition: 1.0mg enzyme powder/ml in enzyme loading solution, 3.0ml/hr offlow rate of olive oil, 7.0ml/hr offlow rate of buffer-glycerol solution and 40°C reaction temperature.
RESULTS AND DISCUSSION
Emzymeadsorption onto oil-impregnated hollow fibers
The changes in the activity of the free enzyme in the enzyme-glycerol solution after enzyme loading are shown in Fig. 3 . The decrease in the free enzyme activity was due to the adsorption of someof the enzymeonto the oil-impregnated hollow fibers. The adsorption was completed in 3hr. Thus, the lipase was easily adsorbed onto the hollow fibers impregnated with oil, probably through hydrophobic interaction, just like the flat membranethat was described previously.n) Figure 4 shows a relationship between the adsorbed enzyme (unit/cm2) and free enzyme (unit/ml) after completion of adsorption, which was obtained with various initial enzyme concentrations. The amount of adsorbed enzyme increased with increases in the amount of free enzyme when the latter were small, but the former reached a plateau of about 2.5 unit/cm2 when the latter was high. The maximumvalue was less than 12. 4 Dependence of percent hydrolysis on mean residence time of oil Steady states of the hydrolysis reaction were attained within 3~5 hr after the beginning of Operational stability of adsorbed enzyme
The changes in hydrolysis (%) in the continuous operations after enzyme adsorptions at 6 levels of loading are shown in Fig. 6 . It was demonstrated in our previous paper11} that the decrease in the percentage of hydrolysis was not due to desorption of the enzyme but to inactivation of the adsorbed enzyme during continuous operation. The same pattern of changes were observed at the loading of 1.0 and 5.0mg powder enzyme/ml because the amount of adsorbed enzyme (unit/cm2) were the same, as shown in Fig. 4 .
The half-life of the adsorbed enzyme at these cases was about 2 weeks, which was the same as in the flat membranebioreactor.n) At lower levels of enzyme loadings, half-lives of adsorbed enzyme were shortened to 6 days. This dependence of the half-life on the amount of adsorbed enzyme could be explained by the effect of diffusion of glyceride substrate through micropores on the overall rate of hydrolysis. Probably, at the maximumamount of adsorbed enzyme, the overall rate of hydrolysis was limited by substrate diffusion through micropores, while at the lowest amount of adsorbed enzyme, it was limited by the intrinsic rate of the hydrolysis reaction.
The quantitative analysis of the rate process in the microporous hydrophobic hollow fiber bioreactor will be described in detail elsewhere. Twoweeks' half-life is not, however, enough for an industrial process. Amore thermostable lipase is desirable, especially for hydrolysis of beef tallow, the melting point of which is above 50°C and which constitutes 60-70% of the raw fat used at present in the world.
Storage stability offree enzymein solution
In the start-up procedure proposed in this article, the enzyme-glycerol solution taken out from the hollow fiber bioreactor after adsorption had some residual free enzyme because a little more enzyme was dissolved to ensure complete adsorption in a short time. If this enzyme-glycerol solution can be stored and used again in a succeeding enzyme loading, one can use all the enzyme quite effectively. Figure 7 (a) and (b) show the profiles of activities of the free enzyme in solutions at 4°C without any loss of activity for at least three months; these can be reused in the next enzyme loading after adding fresh enzyme powder if necessary. As a whole the necessary amount of the enzyme can be greatly reduced.
Cleaning of used hollow fibers
Whena hollow fiber module made of microporous polypropylene is applied in industry, it cannot be disposed of after one use economically. It is absolutely necessary to use it repeatedly.
Regeneration of the hollow fiber bioreactor used for the continuous hydrolysis of olive oil with the lipase was attempted by cleaning the hollow fibers. It is seen from Fig.  8 that when the cleaning steps (1) and (3) (1) and (3); -O-, cleaning steps (1), (2) and (3). The details of cleaning steps and the experimental condition of continuous olive oil hydrolysis are described in the text. (1), (2) and (3) were all applied, almost the same profiles ofhydrolysis (%) were repeated. Hence, we are sure that the used hollow fibers are regenerable, although the optimization of the cleaning procedure needs further investigation.
Productivity Number
The major bottleneck in industrializing the enzymatic spliting offats and oils is the cost of lipase. A bioprocess is preferable which yields as much fatty acid as possible with a given amount of the enzyme. To compare different bioprocesses using the same biocatalyst, Simon proposed a productivity number, PN,21) which is defined for our study by amount of fatty acid produced (mg) amount of lipase used (unit) x time (hr) PNwas calculated on the basis of the adsorbed enzymeat the beginning of a continuous operation where hydrolysis was. 87%. The calculated value of PN together with the one for gel-entrapped lipase, is given in Table I . The PN value of the hollow fiber bioreactor is 26 times as great as that of gel-entrapment, and is 3 times greater than that of the flat membrane.
The difference between the hollow fiber and flat membranewould be due to the differences in porosity, pore size, thickness etc. Because of the smaller amount of enzyme required as well as the very simple immobilization procedure and other advantages, we hope the microporous hydrophobic hollow fiber bioreactor will be used in the fats and oils industry in the future. However, it maybe difficult to scale up the hollow fiber bioreactor to a very large size (say, for example, more than 50cmdiameter and 5m long). The production rate can be increased by increasing the number of the medium size hollow fiber bioreactor units used in parallel.
